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Abstract 
Rutting is a common phenomenon on pavements in Pakistan. Resilient modulus is one the important properties used in the 
mechanistic analysis of pavement response under dynamic traffic loads as well as used to study the rutting behavior of 
pavement. This research study investigates the effect of specimen diameter, bitumen grade and compactive effort on the 
resilient modulus (stiffness) and Indirect tensile strength (Strength) of asphalt concrete. The analysis of experimental results
revealed that both the strength and stiffness values for Polymer Modified Bitumen grade were greater than that of unmodified 
penetration grade bitumen. Similarly, the resilient modulus and indirect tensile strength values of specimens prepared with 100
mm diameter and compacted with Marshall Hammer were more than that of specimens prepared with 150 mm diameter and 
compacted with gyratory compactor. This research will help the highway agencies in modifying their design methods for 
asphalt concrete pavements. 
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1. Introduction 
Resilient modulus is one of the properties of bounded and unbounded pavement materials that characterize 
elastic behaviour under traffic loading conditions. It is an important parameter for asphalt concrete pavements 
thickness design as resilient modulus of the structural layers are used for estimation of layer coefficients and hence 
the layer thickness [1]. The effectiveness of thickness design is thus directly related to accuracy in measuring of 
the resilient modulus. Resilient modulus also used in the evaluation of the materials quality. The indirect tensile 
strength is also an important parameter used for the characterization of resistance to failure of asphalt concrete 
caused by tensile stresses. According to Huang (2004) [2] resilient modulus is the elastic modulus which is based 
on recoverable strain under repeated loads. It is known that the materials for wearing course i.e. bituminous 
materials are not elastic, but experience some small amount of the permanent deformation after each application of 
load. If this application of load is small compared to strength of the material and repeated for large number of 
times, the deformation under each cycle of load is nearly recoverable. It can be considered as elastic and 
proportional to load. Under the cyclic load test, there is a plastic strain at initial stage of application of load and 
then by increasing the load repetition, the plastic strain decreases after each repetition of the load. After about 100 
to 200 cycles of repetitions, strain is almost all recoverable as shown in Figure 1.
Fig.1: Elastic and plastic responses under repeated load[2] 
Indirect tension test is the most common repeated load test used to measure the resilient modulus of bituminous 
paving mixes due to its simplicity. It is standardized under the American Society of Testing and Materials (ASTM 
D4123). It involves preparing a compacted cylindrical asphalt concrete specimen subjected to diametrical repeated 
loading. The test method recommends that resilient modulus (MR) be measured by applying stresses with 
magnitudes in range of 10 to 50% of the indirect tensile strength of specimens. In these tests, compressive load 
with Haversine wave form is applied in the vertical diametric plane of cylindrical specimen and the resulting 
horizontal recoverable deformation is measured. The resilient modulus is computed from Equation (1). 
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Where: MR = Resilient Modulus, P= Peak load, H= recoverable horizontal deformation (mm),  
t= thickness of specimen (mm), X = Poisson’s ratio. 
There are many factors that affect the resilient modulus of bituminous paving mixes when subjected to resilient 
modulus test using indirect tension test setup. These include the bitumen grade, thickness and diameter of 
specimens, compactive effort, nominal maximum aggregate size, temperature, the load waveforms and pulse 
durations that is applied to the specimens, and the type of compaction. Kandhal and Brown [3] conducted the 
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indirect tensile test on both 100 mm and 150 mm diameter specimens and revealed that tensile strength of 150 mm 
specimens was lower than that of 100 mm specimen.Lim et al. (1995) conducted resilient modulus tests and 
indirect tension tests (diametrical testing) on 100 mm and 150 mm diameter specimens and concluded that the 
resilient modulus decreased as diameter of the specimen increased [4].Almudaiheem and Al-Sugair (1991) also 
observed that measured resilient modulus value depends on the percentage of indirect tensile strength used as 
applied load. The tests with load magnitude ranged from 10-30% of indirect tensile strength of the specimen were 
conducted. They concluded that the load magnitude during resilient modulus test should be large because it gives a 
smaller resilient modulus value, which in turn results in a more conservative design. It was found that the 
difference in resilient modulus at load magnitude of 1000 and 2700 N was as great as 4 % for the specimens 
prepared with asphalt content of 4%[5]. Loulizi et al. (2002) concluded that hot mix asphalt being a visco-elastic 
material, the loading time affects its properties and it is recommended that the loading time of HMA dynamic tests 
must be reduced to 300ms to better match loading times obtained from moving trucks at average speed and from 
falling weight deflectometer testing[6]. Siswosoebrotho et al. (2005) studied the influence of flaky aggregate 
content on the resilient modulus of asphalt concrete. They observed that the value of resilient modulus decreased 
with increasing the flaky aggregate content in the mix [7].Some other researchers also carried out the comparison 
of different parameters affecting the resilient modulus of asphalt concrete. The investigation revealed that the 
interaction of different parameters affect the resilient modulus of asphalt concrete. The fractional factorial 
experimental design showed that the nominal maximum aggregate size was the most important parameter affecting 
the resilient modulus of asphalt concrete, then the loading duration, and geometry of the specimen [8]. Kamal et al. 
(2005) [9] found drastic reduction of about 85% in the resilient modulus for an increase in temperature from 25º C 
to 40º C. Similarly, resilient modulus decreased up to 30% with increase in the time of loading from 150 to 450 
ms. Pan et al. (2005) conducted laboratory test for the investigation of effect of material properties of aggregate on 
the resilient modulus of asphalt concrete and observed that the coarse aggregate morphology is principal factor that  
influence the resilient modulus [10]. Conducting resilient modulus test of bituminous mixture at 25º C with the 
coarse aggregate of irregular morphologies improved the resilient modulus of bituminous mixture. It was observed 
that the different aggregate gradation did not significantly affect the relationship between the coarse aggregate 
morphology and the resilient modulus of bituminous mixture. The temperature of asphalt layer influence the elastic 
modulus (resilient modulus) of material, the fatigue life of the asphalt, the plastic strains and the temperature is, 
therefore; very important for the performance of the pavement. At temperature above 20º C, the elastic modulus 
decreases rapidly and reaches to unrealistic low values at 40º C [11].This research aims to consider the effects of 
Bitumen grade, Specimen Diameter, and compactive effort on the resilient modulus and indirect tensile strength of 
asphalt concrete. 
Hot mix asphalt (HMA) is commonly used in road construction worldwide. It is also used in Pakistan both 
Provincial and Federal Highway agencies, but occurrence of premature functional/structural failure of roads has 
been observed  despite  suitable mix design and resorting to good construction practices. Highway Agencies are 
making an effort to design a mix suitable for an environment and traffic loading conditions specific to Pakistan. 
This research was focussed on various mixes to investigate most suitable mix for stiffness and strength parameters. 
After having carried out necessary research work, an improved/ suitable mix design may be suggested to the 
highway agencies of Pakistan. It is also recommended that a major shift from conventional mix design to 
Superpave mix design be made for roads in Pakistan to last longer in term of performance period. 
2. Experimental Design and Preliminary Testing 
As mentioned earlier, the research was primarily aimed at studying the effect of different parameters on the 
stiffness and strength of asphalt concrete. Three different parameters were selected to study in the experimental 
design i.e. bitumen grade, diameter of the specimen and compactive effort. For each combination, three replicate 
specimens were fabricated. The gradation of 1/2-inch nominal maximum size aggregate was selected according to 
NHA Class B gradation. The bitumen of different grades i.e. 60/70, 80/100 and Polymer Modified Bitumen (PMB) 
manufactured by Attock refineries limited (ARL); were used in preparation of asphalt concrete specimens. PMB 
(Polymer Modified Bitumen) is a product of 60/70 mixed with 1.3% Elvaloy Polymer, which enhances the 
adhesion properties of bitumen. The optimum bitumen content of 4.55% (obtained from Marshall Mix) was used 
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in the preparation of specimens for resilient modulus and indirect tensile strength test. The mixing and compaction 
temperatures were kept as 160°C and 135°C (for Marshall Mix) respectively for the preparation of specimens. In 
order to simulate the heavy traffic conditions of Pakistan, all the specimens were compacted by Marshall Hammer 
with 75 blows and 112 blows for 100 mm and 150 mm diameter specimens respectively. Similarly,100mm and 150 
mm diameter specimens were compacted by gyratory compactor with 2500 gyration. The resilient modulus tests 
and indirect tensile strength tests were conducted on specimens using the repeated-load indirect test setup in the 
Universal Testing Machine (UTM-25). The analysis of experimental results was carried out for comparison and to 
check the parameters that give high and low strength and stiffness values. The Table 1 below shows the 
engineering properties of aggregate that was used in the preparation of specimens. Table 2 shows the result of the 
test performed on bitumen, used in preparation of sample. 
According to ASTM D4123, the thickness of specimen must be between 38 mm and 63.5 mm. In this research 
work, the thickness of all the specimens was kept 63.5 mm. The resilient modulus tests and indirect tensile strength 
tests were conducted on these specimens using the repeated-load indirect test setup in temperature controlled 
Universal Testing Machine (UTM-25) at 25° C. Two linear variable differential transformers (LVDTs) were used 
to measure the horizontal deformation of specimens subjected to dynamic vertical loading. The load applied was 
measured by load cell. Haversine-shaped wave load pulse was used in the tests to simulate the traffic wheel 
loading for 100ms. In this study, Poisson’s ratio of 0.4 was assumed. 
Table 1:Properties of Used Aggregates 
Test type Test Designation Test Results Index 
Property 
Remarks 
Shape test Flakiness Index 
Elongation Index BS 812 
14.2 % 
12.6 %  
<35% 
<35% 
All test results 
are within the 
Specification
limits. 
Impact test BS 812 15.2% <25% 
Los Angles abrasion test ASTM C 131 31%  <40% 
Bulk Specific gravity  Coarse aggregate ASTM C 127 2.62 - 
Fine aggregate ASTM C 128 2.67 - 
Table 2:  Results of Tests Performed on Bitumen   
Test type  Designation ARL 60/70 ARL 80/100 PMB Remarks 
Penetration @ 25qC, 0.1mm ASTM D 5 62.2 86 43 All test results 
are within the 
Specification
limits. 
Flash point (Cleveland), °C ASTM D 92 243 256 248 
Specific gravity @ 25°C  
(gm/cm3)
ASTM D 70 1.022  1.035 1.027 
Ductility Test (cm) ASTM D113 103  105  115  
Prior to the preparation of specimens for determination of resilient modulus and indirect tensile strength of 
asphalt concrete, the specimens were prepared for obtaining the optimum bitumen content by Marshall Mix design 
method. The summary of results obtained by Marshall Mix design is shown in the Table 3. 
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Table 3. Marshall mix design summary  
Parameters Measured values Specification Remarks 
Marshall stability, (kN) 8.8 8.06 (min) pass 
Flow value, (mm) 11 8-14 pass 
VFA, (%) 70 65-75 pass 
Air Voids, (%) 4.3 3-5 pass 
VMA, (%) 14.2 min 13% pass 
Optimum Bitumen Content, (%) 4.55 - - 
3. Results and discussion 
The indirect tensile strength values obtained by using Marshall Hammer and gyratory compactor are shown in 
the Table 4 and Table 5 respectively.  The results mentioned below are obtained from the tests performed in 
Universal Testing Machine (UTM) at 25O C.  
Table 4:Tensile Strength of specimens with Marshall Compactive Effort 
Specimen Size 
Maximum Splitting Load Values (kN) 
ARL 60/70 ARL 80/100 PMB 
100 mm 9.32 6.60 10.97 
150 mm 7.61 5.04 8.93 
Table 5:  Tensile Strength of specimens with Gyratory Compactor 
Specimen Size 
Maximum Splitting Load Values (kN) 
ARL 60/70 ARL 80/100 PMB 
100 mm 5.75 4.70 8.29 
150 mm 4.34 3.17 7.43 
Similarly, the resilient modulus test was conducted on the universal testing machine and the values obtained are 
shown in the Table 6 and Table 7 for Marshall Hammer compacted and gyratory compacted specimen, 
respectively.
Table 6: Results of Resilient Modulus with Marshall Hammer Compaction 
Specimen Size 
Resilient Modulus (MPa) 
ARL60/70 ARL80/100 PMB 
100 mm 3142 1405 4645 
150 mm 2415 1014 3975 
Table 7: Results of Resilient Modulus with Gyratory Compactor 
Specimen Size 
Resilient Modulus (MPa) 
ARL60/70 ARL80/100 PMB 
100 mm 1833 1302 3619 
150 mm 1086 988 2258 
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The results obtained after conducting Indirect tension tests (IDT) on100 mmand 150 mm specimens shows that 
the indirect tensile strength values of PMB specimens are higher as compared to 60/70 and 80/100 specimens. 
Similarly, the indirect tensile strength values are higher for specimens compacted with Marshall Hammer 
compared to gyratory compactor. Also, the resilient modulus values are higher of PMB specimens as compared to 
60/70 and 80/100 and the resilient modulus values are higher for specimens compacted with Marshall Hammer as 
compared to gyratory compactor. 
4. Conclusions and recommendations 
The strength values obtained from indirect tensile strength test for  4” diameter specimen were on an average 
20% higher than those of 6” diameter specimens compacted with both Marshall Hammer and Gyratory compactor. 
This may be due to the possibility that large size specimens had developed number of micro cracks that resulted in 
high  deformation  rate. Also the specimens compacted by Marshall Hammer may have high density due to impact 
loading compared to gyratory compactor. It is also observed that the PMB is more suitable material as compared to 
60/70 and 80/100 due to stiffness. The specimens prepared with PMB resulted in 24% and 45% high strength and 
stiffness values compared to 60/70 and 80/100.This study has experimentally investigated the resilient modulus 
and indirect tensile strength of samples prepared by using Gradation “B” of NHA and thus has provided a 
basis/platform to out carry similar investigations for other gradations used by NHA or other highway agencies. 
Owing to the characteristics of PMB and in light of the project results, it is recommended that PMB should be used 
in high temperature zones because of high stiffness and low deformation of this material. 
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